Two-pore channels (TPCs) are endolysosomal cation channels. Two members exist in humans, TPC1 and TPC2. Functional roles associated with the ubiquitously expressed TPCs include VEGF-induced neoangiogenesis, LDL-cholesterol trafficking and degradation, physical endurance under fasting conditions, autophagy regulation, the acrosome reaction in sperm, cancer cell migration, and intracellular trafficking of pathogens such as Ebola virus or bacterial toxins (e.g., cholera toxin). In a genome-wide association study for variants associated with human pigmentation characteristics two coding variants of TPC2, rs35264875 (encoding M484L) and rs3829241 (encoding G734E), have been found to be associated with a shift from brown to blond hair color. In two recent follow-up studies a role for TPC2 in pigmentation has been further confirmed. However, these human polymorphic variants have not been functionally characterized until now. The development of endolysosomal patchclamp techniques has made it possible to investigate directly ion channel activities and characteristics in isolated endolysosomal organelles. We applied this technique here to scrutinize channel characteristics of the polymorphic TPC2 variants in direct comparison with WT. We found that both polymorphisms lead to a gain of channel function by independent mechanisms. We next conducted a clinical study with more than 100 blond-and brown/black-haired individuals. We performed a genotype/phenotype analysis and subsequently isolated fibroblasts from WT and polymorphic variant carriers for endolysosomal patch-clamp experimentation to confirm key in vitro findings.
Two-pore channels (TPCs) are endolysosomal cation channels. Two members exist in humans, TPC1 and TPC2. Functional roles associated with the ubiquitously expressed TPCs include VEGF-induced neoangiogenesis, LDL-cholesterol trafficking and degradation, physical endurance under fasting conditions, autophagy regulation, the acrosome reaction in sperm, cancer cell migration, and intracellular trafficking of pathogens such as Ebola virus or bacterial toxins (e.g., cholera toxin). In a genome-wide association study for variants associated with human pigmentation characteristics two coding variants of TPC2, rs35264875 (encoding M484L) and rs3829241 (encoding G734E), have been found to be associated with a shift from brown to blond hair color. In two recent follow-up studies a role for TPC2 in pigmentation has been further confirmed. However, these human polymorphic variants have not been functionally characterized until now. The development of endolysosomal patchclamp techniques has made it possible to investigate directly ion channel activities and characteristics in isolated endolysosomal organelles. We applied this technique here to scrutinize channel characteristics of the polymorphic TPC2 variants in direct comparison with WT. We found that both polymorphisms lead to a gain of channel function by independent mechanisms. We next conducted a clinical study with more than 100 blond-and brown/black-haired individuals. We performed a genotype/phenotype analysis and subsequently isolated fibroblasts from WT and polymorphic variant carriers for endolysosomal patch-clamp experimentation to confirm key in vitro findings.
TPC | TPC2 | two-pore channel | polymorphism | pigmentation T wo-pore channels (TPCs) are endolysosomal cation channels which are distantly related to the endolysosomal TRP channels of the TRPML subfamily on the one hand and the voltagegated calcium channels on the other hand. Two members exist in humans, TPC1 and TPC2. Functional roles associated with the ubiquitously expressed TPCs include VEGF-induced neoangiogenesis (1), endolysosomal LDL-cholesterol trafficking and degradation (2) , physical endurance under fasting conditions (3), autophagy regulation (4, 5) , the acrosome reaction in sperm (6) , intracellular trafficking of certain pathogens such as filoviridae (e.g., Ebola or Marburg virus) (7), bacterial toxins (e.g., cholera toxin) (8) , and a role in cancer cell migration (9) . A few years ago, Sulem et al. (10) presented results from a genome-wide association study for variants associated with human pigmentation characteristics among 5,130 Icelanders, with follow-up analyses in 2,116 Icelanders and 1,214 Dutch individuals from which they claimed that two coding variants of hTPC2 (SNPs), rs35264875 (encoding M484L) and rs3829241 (encoding G734E), were associated with a shift from brown to blond hair color. Very recently, Ambrosio et al. (11) as well as Bellono et al. (12) confirmed a role for TPC2 in pigmentation by showing that TPC2 regulates the pH and size of melanosomes, thus controlling the amount of melanin produced. Consequently, loss of TPC2 activity by knockout or knockdown leads to a strong increase of melanin production and melanosomal pH.
Hence, it seemed intriguing to functionally investigate these polymorphic TPC2 variants. We investigated the activity of WT hTPC2 side by side with hTPC2(G734E) and hTPC2(M484L) as well as the double-mutant isoform (M484L/G734E). First, we applied the endolysosomal patch-clamp technique in combination with small-molecule activators and blockers of TPC2 to directly assess channel activity. Second, we performed molecular dynamics simulations of TPC2 based on the recently published structures of TPC1 (13, 14) to investigate structural changes due to the SNPs. These results were corroborated by ion substitution experiments to assess pore sizes. Furthermore, we genotyped more than 100 blond-and brown/black-haired human individuals and isolated fibroblasts from selected donors to confirm key in vitro findings and the results of the genome-wide association study by Sulem et al. (10) .
Significance
Polymorphisms in the endolysosomal cation channel TPC2 have been suggested to lead to a shift in human hair color from brown to blond. In two further studies a role for TPC2 in melanosomal pH regulation was postulated. Electrophysiological data on how these polymorphisms affect channel gating and activity are, however, missing. We show here that both polymorphisms lead to a gain of channel function by different mechanisms. In M484L sensitivity to its endogenous ligand PI(3,5)P 2 is strongly increased while in G734E channel inactivation by ATP is reduced. These findings are corroborated by molecular dynamics and ion substitution experiments. Furthermore, >100 blond-and brown/black-haired human individuals were genotyped and fibroblasts isolated from selected donors to confirm key in vitro findings.
Results

Human TPC2 WT and Polymorphic Variants Show Comparable Subcellular Distribution but Differences in Basal Activity and Their
Response to PI(3,5)P 2 . WT hTPC2 and the polymorphic variants containing either M484L, G734E, or both M484L and G734E show similar subcellular distribution when overexpressed in HEK293 cells (SI Appendix, Fig. S1A ). All variants localize to intracellular vesicular structures which are positively stained with Lysotracker (SI Appendix, Fig. S1A ). A calculation of the Pearson correlation coefficients resulted in similar numbers for colocalization with Lysotracker for all variants (SI Appendix, Fig.  S1B ). Western blot analysis demonstrated that expression levels of the different variants in endolysosomal membranes are not significantly different (SI Appendix, Fig. S1 C and D) . Treatment with vacuolin increased the size of endolysosomal vesicles to a similar extent in all variants (SI Appendix, Fig. S1E ). Finally, dimerization efficiencies of TPC2 WT and the polymorphic variants were comparable as assessed by FRET experimentation (SI Appendix, Fig. S2 ).
The two polymorphisms are found in very different parts of the protein. While M484L resides in the second transmembrane domain of the second channel domain, G734E is found in the C terminus of the protein (Fig. 1A) , suggesting different functional consequences.
We next performed endolysosomal patch-clamp experiments. Here, we found striking differences between the respective variants. The polymorphic variant M484L as well as the doublepolymorphic variant showed, compared with WT, a significantly increased basal channel activity as well as a significantly increased channel activity after stimulation with PI(3,5)P 2 (3, 15) . In contrast, G734E showed mean basal and stimulated activation levels similar to those of WT ( Fig. 1 B-F and SI Appendix, Fig. S3A ). Average capacitance values were comparable for all variants, indicating that differences in channel activity were not due to differences in the size of the patched vesicles (SI Appendix, Fig. S3B ). Dose-response measurements revealed an EC 50 of 1,138 ± 376 nM for WT compared with 216 ± 55 nM for M484L, while G734E was not significantly different from WT with an EC 50 of 827 ± 183 nM ( Fig.  1G ; increased potency). In addition, the maximum response level was increased by two-to threefold, depending on the PI(3,5)P 2 concentration, in M484L compared with WT or G734E ( Fig. 1G ; increased efficacy).
Differences in ATP Inhibition Between TPC2 WT and Polymorphic Variants. We next assessed the inhibition of activated TPC2 WT and polymorphic variants by ATP. Block of TPC activity by ATP has been demonstrated before and was shown to be physiologically relevant during cell starvation (3). We confirm here that the channel activities of WT TPC2 and also the polymorphic variants M484L and G734E are efficiently blocked by applying high concentrations of ATP (1 mM). However, dose-response measurements revealed significant differences in the IC 50 values which were generated for each variant based on their individual PI(3,5)P 2 EC 50 values (Fig. 2) Shown are average current densities at −100 mV. (G) PI(3,5)P 2 dose-response curves for hTPC2 WT and hTPC2(M484L) and hTPC2(G734E). In all experiments, currents were elicited by applying 500-ms voltage ramps from −100 to +100 mV every 5 s. In all statistical analyses mean values of at least 5-10 independent experiments are shown, each. To test for statistical significance the one-way ANOVA test followed by Tukey's posttest was applied. ***P < 0.001, **P < 0.01.
well as WT (4 ± 2 μM) and G734E (133 ± 71 μM) for the fixed concentration of 1 μM PI(3,5)P 2 (SI Appendix, Fig. S4 ). In summary, these data suggest that both M484L and G734E variants are gain-of-function (GOF) polymorphisms.
Effect of mTOR Inhibitors. ATP is known to activate mTOR (mechanistic target of rapamycin) (16) and mTOR is the mediator that inhibits TPC2 by direct protein-protein interaction, as recently shown (3). To further investigate the cross-talk between channel activity and ATP inhibition, we tested the effect of mTOR inhibitors such as rapamycin and torin-1 on TPC2 channel activity. Both compounds were found previously to enhance TPC2 channel activity by blocking the TPC2 inhibitor mTOR (3). We found that inhibition of mTOR increased TPC2(G734E) channel activity more efficiently than WT activity, suggesting a stronger effect of mTOR on WT compared with G734E. In contrast, the channel activity of the M484L isoform could not be further enhanced under the same conditions [for M484L a PI(3,5)P 2 concentration of 1 μM is a saturating concentration; EC 50 = 216 ± 55 nM] ( In all experiments currents were elicited by applying 500-ms voltage ramps from −100 to +100 mV every 5 s. To test for statistical significance the Student's t test, unpaired was applied. *P < 0.05. Fig. 3 . Effect of rapamycin and torin-1 on human TPC2 WT and G734E. (A and B) Representative PI(3,5)P 2 (1 μM) activated currents in vacuolin-enlarged hTPC2 WT and hTPC2(G734E) expressing endolysosomal vesicles and the respective blocking effects of 2 μM torin-1 or 1 μM rapamycin. Cells were incubated with torin-1 for 12 h or with rapamycin for 10 min before experimentation. Currents were measured in the absence of ATP. (C) Statistical summary of data as shown in A and B including respective basal currents. Shown are average current densities at −100 mV. To test for statistical significance the one-way ANOVA test followed by Tukey's posttest was applied to basal and PI(3,5)P 2 conditions, respectively. ***, ### P < 0.001, ## P < 0.01.
Ion Substitution Experiments. To further corroborate the findings obtained for the M484L variant we performed ion substitution experiments and molecular dynamics simulations based on the recently published structures of AtTPC1 (13, 14) . In ion substitution experiments using the endolysosomal patch-clamp technique we found differences in the estimated pore diameters between WT and M484L, while there were no obvious differences between WT and G734E (Fig. 4 A-E and SI Appendix, Fig. S5 C-E). We used monovalent cations (sodium, lithium, rubidium, and cesium) in a concentration of 160 mM, each, to estimate the pore diameters of TPC2 WT and the M484L variant (Fig. 4 A-E). We determined permeability ratios relative to Na + (P X /P Na ) from the bionic reversal potentials, which resulted in estimations of 3.7 Å and 3.9 Å for the minimum pore diameter of TPC2 WT and the M484L variant, respectively. The estimation for the G734E variant diameter resulted in the same value as for WT (3.7 Å) (SI Appendix, Fig. 5E ). These data suggest that M484L not only contributes to larger current amplitudes but also influences channel conformation and the narrowest part of the pore region.
Molecular Dynamics Simulations Confirm Dilated Pore in hTPC2(M484L)
Variant. Multiple models of the TPC2 channel were submitted to prolonged molecular dynamics simulations of at least 100 ns, each. WT and M484L variant were simulated with PI(3,5)P 2 resembling the experimental layout. As each simulation system contained two channel models a total of over 800 ns was available for analysis. All models showed a high degree of stability preserving their overall structure and a continuous water column through the pore. For one of the two M484L models a dilation of the pore could be observed in the presence of PI(3,5)P 2 for ∼10 ns around position A272. The pore radii of the dilated M484L pore were compared with the WT pore (Fig. 4 F-H) . This finding suggests that the M484L mutation affects pore dynamics, further corroborating the data presented on the estimation of the pore sizes of TPC2 WT and M484L by ion substitution experimentation. Notably, Schieder et al. (17) had reported previously that TPC2 mutant isoform N273A (next to A272) shows a pore block, and Wang et al. (15) reported that the D276K mutation likewise leads to a pore block and loss of PI(3,5)P 2 response, emphasizing the importance of this region for channel activity. Endogenous TPC2 Channel Activity in Human Donor Fibroblasts. Next, we screened more than 100 blond-and brown/black-haired human donors for TPC2 polymorphisms and identified individuals which were either homozygous for WT, M484L, or G734E, or individuals which were heterozygous for the respective polymorphisms (Fig. 5 A  and B) . The obtained genotyping results were found to correlate well with the data published by Sulem et al. (10) . Thus, the percentage of DNA samples isolated from blond-haired individuals which are homozygous for either M484L or G734E was 7.2% and 26.1% (n = 69), respectively, while DNA samples isolated from brown-, dark brown-, or black-haired individuals were in only 2.9% of the cases homozygous for M484L and in only 10.4% of the cases homozygous for G734E (n = 67). Among the blond-haired donors we found only 5.8% to be homozygous for WT. Among individuals with brown/ black hair 23.9% were found to be homozygous for WT (Fig. 5A) .
We subsequently isolated fibroblasts from selected individuals and analyzed them using the endolysosomal patch-clamp technique (Fig. 5 C-F) . While we found only small endogenous PI(3,5)P 2 currents in WT or G734E fibroblast endolysosomes, significantly increased PI(3,5)P 2 -mediated channel activity was detectable in endolysosomes isolated from donor fibroblasts homozygous for M484L, essentially confirming the in vitro findings. For ATP doseresponse measurements the PI(3,5)P 2 -mediated currents in G734E endolyosomes were too small. As an activation control we used the TRPML-channel activator ML-SA1 (18) . TRPML channel currents activated with ML-SA1 were not significantly different between M484L, G734E, and WT endolysosomes, suggesting that the differences in PI(3,5)P 2 response are not due to differences in TRPML channel activity (Fig. 5 C-E) . In summary, these data confirm the strong GOF found for the M484L variant in overexpressing HEK293 cells and the data further confirm the increased association of the M484L and G734E variants with blond hair color compared with the WT TPC2 isoform.
Discussion
We show here that the TPC2 variants M484L and G734E reported previously to be associated with a shift in human hair color from brown to blond display distinct functional differences compared with WT. We used overexpressing HEK293 cells and endogenously expressing fibroblasts to functionally characterize the respective variants. In endolysosomal patch-clamp experiments we found that both variants show a gain of channel function compared with WT (SI Appendix, Fig. S6 ). While basal activity and activation with PI (3,5)P 2 was increased in M484L, affecting both efficacy and , and G734E. The TRPML channel activator ML-SA1 was used to demonstrate that TRPML currents were comparable in size in all fibroblast lines, in contrast to PI(3,5)P 2 -mediated currents.
(F) Statistical summary of data shown in D and E. Two independent donor fibroblast samples were used for each WT and M484L. One sample was used for G734E. Shown are the pooled average current densities at −100 mV of at least five independent experiments, each. To test for statistical significance one-way ANOVA test followed by Tukey's posttest was applied. ***P < 0.001, *P < 0.05.
potency of PI(3,5)P 2 , inhibition of channel activity by ATP was less sensitive in G734E compared with WT (SI Appendix, Fig. S6 ). The M484L polymorphism leads to structural changes affecting the pore diameter of TPC2. Thus, M484L displays a significant pore dilation compared with WT as demonstrated by molecular dynamics simulations and ion substitution experiments. The G734E variant is less responsive to ATP and more sensitive to mTOR inhibitors than WT, the latter suggesting that the weaker ATP effect may be mediated by mTOR. While torin-1 is a selective ATP-competitive inhibitor of mTOR which effectively blocks phosphorylation of mTOR, rapamycin and related inhibitors form a complex with the intracellular immunophilin FKBP12; the resulting complex then interacts with and inhibits mTOR (19, 20) . Despite these different mTOR inhibitory mechanisms, both torin-1 and rapamycin result in a stronger increase in G734E activity compared with WT, further emphasizing that the differences in ATP block may be directly mediated via mTOR and downstream effects. Nevertheless, we cannot fully exclude the possibility of mTOR-independent ATP effects. Remarkably, human TPC2 cDNAs used for functional studies in past publications were often polymorphic variants. For example, Calcraft et al. (21) had used a TPC2 variant cloned from HEK293 cells containing both polymorphisms: M484L and G734E. Pitt et al. (22) had used a variant of human TPC2 containing the G734E polymorphism (GenBank accession no. AY029200) and Brailoiu et al. (23) had used the IMAGE clone 5214862 (GenBank accession no. BC063008) which also contains the polymorphism G734E. Thus, it seems that WT hTPC2, at least in its recombinant form, has not always been used as a reference in the existing publications.
In accordance with recent findings by Ambrosio et al. (11) as well as Bellono et al. (12) , claiming that loss of TPC2 leads to increased melanin production, an increase in TPC2 channel activity as found here for the two SNPs would be expected to result in the opposite effect, a decrease in melanin production. Located in the basal epidermis and in hair follicles, melanocytes of the integument are responsible for hair coloration through production of melanin pigments in melanosomes (24) . Two types of pigment are known to give hair its color: eumelanin and pheomelanin. Eumelanin has two subtypes, black and brown, which determine the darkness of the hair color. A low concentration of brown eumelanin results in blond hair, whereas a higher concentration of eumelanin will color the hair brown/black. Melanin production is strongly dependent on the activity of the enzyme tyrosinase (TYR). TYR activity is optimal at neutral pH (25) (26) (27) . To achieve neutralization of melanosomal pH, the proper function of a cascade of ion transporters seems to be required (27) . Consequently, polymorphisms in any of such transporters or ion channels rendering them dys-or malfunctional may lead to changes in melanosome pH and thus to changes in melanin production, as suggested recently by Ito and Wakamatsu (27) . For TPC2 this hypothesis has now been supported by works published by Ambrosio et al. (11) and Bellono et al. (12) . Thus, loss of TPC2 leads to an increase in melanosomal pH and melanin production while overexpression of TPC2 leads to a decrease in melanin production. Like TPC2 overexpression, an increase in TPC2 activity would be expected to result in a decreased melanosomal pH and thus a decrease in melanin production. This would consequently explain the shift in hair color from brown to blond.
In addition to hair coloration, altered TPC2 channel activity may also impact human health, in particular under challenging conditions such as physical stress or infections. TPC2 knockout mice show an increased susceptibility to hypercholesterinemia and fatty liver hepatitis compared with WT when fed with a high-cholesterol diet (2), they show a decreased physical endurance under fasting conditions (3), and they are less susceptible to distinct viral infections (7) . Migration of cancer cells and the formation of metastases was recently found to be reduced in TPC2 knockdown cells or after pharmacological inhibition of TPC2 (9). We therefore speculate that humans carrying the GOF polymorphisms M484L or G734E, or both, may have, in particular under stress conditions, an altered susceptibility for diseases that are associated with the endolysosomal system. In addition, it may also be possible that changes in TPC2 activity affect melanosomes differently than lysosomes, for example due to differences in pH regulatory mechanisms with different consequences for human physiology and pathophysiology.
Materials and Methods
Molecular Biology. All human TPC2 variants were generated from hTPC2(M484L/ G734E)-mCherry, a gift from Michael Zhu, University of Texas Medical School, Houston. Point mutations were removed from constructs by site-directed mutagenesis using QuikChange (Agilent) according to the procedures outlined in the manufacturer's manual or by overlap PCR experimentation. C-terminally fused YFP versions of WT and the polymorphic TPC2 variants were generated from the respective mCherry constructs and subcloned into pcDNA3.1 vector. Constructs used for FRET experiments are described in Materials and Methods and the figure legends in more detail.
Endolysosomal Membrane Preparations. To evaluate expression levels of TPC2 WT and variants in endolysosomal membranes, HEK293 cells were transfected with TPC2-constructs (YFP-tagged), respectively. Preparation of endolysosomes was performed as described previously (17, 28) . For immunoblotting, antibodies were used in the following dilutions: rabbit anti-Rab7, 1:500 (2094S; cell signaling); mouse anti-GFP, 1:2,000; mouse anti-HRP 1:2,000 (sc-2031; Santa Cruz); and rabbit anti HRP, 1:1,000 (NA934V; GE Healthcare).
Molecular Modeling. A model for TPC2 was constructed using Schrödinger Prime based on Protein Data Bank ID code 5E1J (14) with the UniProt sequence Q8NHX9 (21) . Default settings were used using the multichain protocol modeling both subunits simultaneously. Always two of the resulting models were embedded into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer in antiparallel orientation to reduce lateral stress following protocols described earlier (29, 30) and solvated with simple point charge water. CaCl 2 was added to balance the overall charge and to achieve nearly physiological ion concentrations. Using GROMACS-5.1 the periodic system was energy-minimized and constraints on the protein were gradually reduced (31) (32) (33) . A total of 100 ns each were simulated with a time step of 2 fs for the WT, WT with PI(3,5) P 2 , M484L, and M484L with PI(3,5)P 2 . Two equivalents per pore were placed in the vicinity of M484L into the bilayer for the corresponding simulations. Neighbor searching was performed every 40 steps. The particle mesh Ewald algorithm was used for electrostatic interactions with a cutoff of 1.2 nm and Verlet cutoff scheme. A reciprocal grid of 192 × 120 × 120 cells was used with fourth-order B-spline interpolation. A single cutoff of 1.2 was used for van der Waals interactions. Temperature coupling to 310 K was done with the V-rescale algorithm. Semiisotropic pressure coupling to 1 bar in the plane and perpendicular to it was done with the Berendsen algorithm. For all simulations the 53a6 force field was used with parameters for POPC adapted from ref. 29 and adapted for PI(3,5)P 2 from ref. 34 . The analysis was performed using GROMACS tools, VMD, Schrödinger, and hole2 (31, (35) (36) (37) .
FRET Experiments. Measurements of single-cell FRET based on aggregate (nonspatial) fluorescence recordings were performed and analyzed using the three-cube FRET method as described previously (38) . For measurements, transiently transfected HEK293 cells were maintained in buffer solution composed of 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 10 mM Na-Hepes, pH 7.4, at room temperature (RT). Fluorescence intensities of YFP or the GFP variants Citrine and Cerulean were recorded using a LEICA DMI6000B inverted epifluorescence microscope and a photomultiplier detection system (PTI). Excitation was done at 436 nm ± 2.5 or 500 nm ± 2.5 with a DeltaRam monochromator (Horiba). Epifluorescence emission was detected by a photomultiplier (PMT 914) and acquired on a personal computer using FelixGX software (Horiba). Three-cube FRET filter cubes were as follows (excitation; longpass beamsplitter; emission): CFP/Cerulean (ET436/20×; T455lp; ET480/40m), YFP/Citrine (ET500/20×; T515lp; ET535/30m), and FRET (ET436/20×; T455lp; ET535/30m) (Chrome Technology). The FRET ratio, which is defined as the fractional increase in YFP emission caused by FRET, was calculated using FR = [SFRET − (R D )(S Cer )]/ [(R A )(S Cit )]. S FRET , S Cer , and S Cit denote fluorescence intensities derived from measurements in individual cells coexpressing Citrine-or Cerulean-tagged proteins with the respective filter cube (excitation, emission): S FRET (436 nm ± 10, 535 nm ± 15), S CFP (436 nm ± 10, 480 nm ± 20), and, S YFP (500 nm ± 10, 535 nm ± 15). R D and R A are experimentally predetermined constants from measurements applied to single cells expressing only Cerulean-or Citrine-tagged molecules that correct for donor bleed through or acceptor cross-excitation. FRET efficiencies (E A ) can be calculated from FRs using the following equation (39):
e cerulean ð436Þ .
[1]
e citrine and e cerulean are the setup specific average molar extinction coefficients for citrine and cerulean, respectively, over the precise bandwidth of the FRET cube excitation filter. In our setup, the calculated molecular extinction coefficient ratio is e citrine (436)/ e cerulean (436) = 0.0563. Data were analyzed using FelixGX (Horiba PTI) and Microsoft Excel (Microsoft).
Whole-Endolysosomal Patch-Clamp Experiments. For whole-endolysosomal patchclamp recordings, isolated intact endolysosomes from HEK293 cells were manually isolated after vacuolin treatment for at least 2 h. Human TPC2 WT and polymorphic TPC2 variants (C-terminally fused to YFP) were transiently transfected into HEK293 cells using TurboFect Transfection Reagent (ThermoFisher).
Currents were recorded using an EPC-10 patch-clamp amplifier and PatchMaster acquisition software (HEKA). Data were digitized at 40 kHz and filtered at 2.8 kHz. Cytoplasmic solution contained 140 mM potassium methanesulfonate (KMSA), 5 mM KOH, 4 mM NaCl, 0.39 mM CaCl 2 , 1 mM EGTA, and 20 mM Hepes (pH adjusted with KOH to 7.2). Luminal solution was 140 mM NaMSA, 5 mM KMSA, 2 mM CaMSA, 1 mM CaCl 2 , 10 mM Hepes, and 10 mM MES (pH adjusted with MSA to 4.6). For the application of PI(3,5)P 2 (A.G. Scientific) and ATP-Mg (Sigma), cytoplasmic solution was completely exchanged by compound containing solution. Torin-1 and rapamycin were purchased from Tocris and LC Laboratories, respectively. All recordings were performed at 23-25°C. For experiments using ATP and mTOR inhibitors, cell density was 50-60% and the time spent outside the incubator was 30 min.
To estimate the pore diameter of TPC2 WT and M484L, the relative permeability ratios of cations relative to Na + were plotted against the diameter of the respective monovalent cations as indicated in Fig. 4 . The following equation was applied (40):
where a is the diameter of the permeating cation, k is a constant factor, and d is the pore diameter (41 (42) . To calculate the permeability ratios the following equation was used:
where V is the reversal potential, R is the gas constant, F is the Faraday constant, and T is the temperature in Kelvin. To determine the relative Na + (P X + /P Na + ) permeabilities of TPC2 WT and M484L, whole-endolysosome recordings were performed using ramp protocols (+100 to −100 mV with 500-ms increments). The bath solution contained 160 mM (pH 7.2, Hepes 5 mM) of the respective cations (Fig. 4 A-D) and the pipette solutions contained 160 mM NaCl (pH 7.2, Hepes 5 mM). The recordings were started with symmetric Na + solutions. The cytoplasmic solution was then exchanged with the respective monovalent cation-containing solution.
Human Donor DNA Purification and Sequencing. Human genomic DNA was obtained from adult male and female individuals using the Gentra Puregene Buccal Cell Kit (Qiagen), according to manufacturer's instructions. Briefly, buccal cells were collected by scraping the inside of the mouth 10 times. For cell lysis, the collection brush was incubated in lysis solution at 65°C for at least 15 min. Proteins were precipitated and centrifuged. To precipitate DNA, the supernatant was added to isopropanol and glycogen solution. The pellet was washed with 70% ethanol and air-dried before resuspension in DNA hydration solution. Samples were incubated at 65°C for 1 h, followed by incubation at RT overnight to dissolve the DNA. Genomic DNA fragments were amplified using gene-specific primers [hTPC2(M484L) genomic DNAforward: 5′-GGTGTTCCTGGTGCTGGA-3′; hTPC2(M484L) genomic DNA-reverse: 5′-ACAGCCTCTAGTCCTCAGGG-3′; hTPC2(G734E) genomic DNA-forward: 5′-GGCCACCTACCAGATGACT-3′; hTPC2(G734E) genomic DNA-reverse: 5′-CGGACGTCACCTGCACAG-3′]. All DNA sequencing services were done by Eurofins MWG Operon.
Isolation of Human Fibroblasts. Human genomic DNA sampling and human fibroblast isolation were approved by the Ludwig-Maximilians-Universität Ethics Committee (headed by Prof. Dr. Eisenmenger; reference no. 254-16). Acquisition of human material was performed after obtaining written informed consent by the donors. Primary fibroblasts were isolated by Prof. Dr. Carola Berking and colleagues, Department of Dermatology, Ludwig-Maximilians-Universität München from the skin of healthy adult donors. Epidermis was separated from dermis using dispase II (10 mg/mL in PBS, pH 7.2-7.4, D4693; Sigma) and dermis was digested in collagenase (1 mg/mL in DMEM, C0130; Sigma) for 22 h at room temperature. Fibroblasts were cultured in DMEM with glutamine (Life Technologies, Inc.) and 10% FBS (FBS Superior, S0615; Biochrom). They were used for experiments at passages three to seven.
Statistical Analysis. Details of statistical analyses and n values are provided in the Materials and Methods or the figure legends. Statistical analyses were carried out using Origin 7.5 and GraphPad Prism 5. All error bars are depicted as mean ± SEM. Significance is denoted on figures as outlined in the legends. Statistics were derived from at least three independent experiments.
